[1] We used temperature data from the Sounding of the Atmosphere with Broadband Emission Radiometry (SABER) on the the NASA TIMED satellite to quantify the connection between temperatures in the stratosphere and in the mesosphere and lower thermosphere. Specifically, we studied three winter periods where stratospheric temperatures were dynamically disturbed: 
Introduction
[2] There is great interest in understanding the coupling mechanisms between the upper and lower atmosphere. Part of this stems from the suggestion [Roble and Dickinson, 1989; Emmert et al., 2004] that significant cooling of the upper atmosphere should correlate with global warming of the troposphere. Also, it is now felt that meteorological disturbances at high altitudes can influence the dynamics of the lower atmosphere, and possibly effect the weather [Baldwin and Dunkerton, 2001] . One particularly dramatic meteorological disturbance which affects a wide range of altitudes in the high latitude winter middle atmosphere is sudden stratospheric warmings (SSWs). The largest SSWs are typically associated with dramatic wind reversals and temperature increases of up to 60K [Labitzke, 1981] .
[3] It is also known that mesospheric coolings are associated with SSWs. Liu and Roble [2002] recently showed how the atmospheric response to an SSW could extend up through the mesosphere and thermosphere. Validating their model predictions is difficult because of lack of data. The most comprehensive relevant observations are the groundbased measurements of the rotational temperature of vibrationally excited OH in the Meinel band airglow (OH*). However, these measurements are confined to a narrow layer near 85-87 km altitude. There has been considerable uncertainty in connecting these data to stratospheric temperatures during SSWs.
[4] For example, using a 20 year long Meinel band data set from Svalbard (78N), Sigernes et al. [2003] state that while mesospheric coolings are associated with stratospheric warmings, they did not find the expected anticorrelation between airglow temperatures and stratospheric temperatures at 10 hPa. They also found no connection between the solar 10.7 cm flux (F107) and airglow temperature. This is in contrast to the results of Hernandez [2003] , who found a strong correlation with F107. He also suggests a correlation between winter OH* temperatures over the South Pole and the size of the springtime Antarctic ozone hole [Hernandez, 2004] . Cho et al. [2004] report cooling of the upper mesosphere in concert with stratospheric warmings; however, the anticorrelation they show is between OH* temperatures and a meteorological analysis at 0.316 hPa (58 km), a level which is not stratospheric. When they correlate with an analysis at 3.16 hPa (40 km), no such general clear-cut relationship is seen (although an anticorrelation is seen for a short period of time in December 2001). Questions about the timing of stratospheric and mesospheric disturbances also remain. Myrabo et al. [1984] report a 1 -2 day delay in the mesospheric response to a stratospheric event, and Hernandez [2004] suggests the mesosphere is a 1 -2 month leading indicator of stratospheric warmings, while the model result of Liu and Roble [2002] indicates little, if any, phase lag or lead between the temperature anomalies in the mesosphere and stratosphere.
[5] In this paper, we use global temperature profiles from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) experiment on the NASA Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite to quantify the relationship between stratospheric and mesospheric temperatures for a range of altitudes, latitudes and meteorological conditions. SABER data offer considerable advantages for the study of mesospheric cooling events. SABER provides high vertical resolution (<5 km) profile information from the tropopause into the lower thermosphere. SABER data can place the ground based measurements of OH* in a global context, GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L09804, doi:10.1029 /2005GL022399, 2005 This paper is not subject to U.S. copyright. Published in 2005 by the American Geophysical Union. Prescribed by ANSI Std Z39-18 quantify the height range for which mesospheric coolings occur, and allow a search for secondary thermospheric warmings as was predicted by Liu and Roble [2002] .
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Summary and Validation of SABER Data
[6] SABER is a 10 channel broadband, limb-viewing, infrared radiometer which has been measuring stratospheric and mesospheric temperatures since the launch of the TIMED satellite in December 2001. The temperature is obtained from the 15 mm radiation of CO 2 . This emission is in LTE in the stratosphere and lower mesosphere and has been extensively discussed and validated by Remsberg et al. [2003] . In the middle to upper mesosphere and lower thermosphere (MLT), non-LTE conditions prevail; initial results from a non-LTE retrieval have been presented by Mertens et al. [2004] . Here we use exclusively retrievals with the non-LTE effects included (Version 1.04 in the SABER database).
[7] The TIMED satellite is in a nearly circular 625 kmaltitude orbit with an inclination of 74°. The resulting latitudinal coverage extends over 135°, from 85°in one hemisphere to about 50°in the other. Every 60 days or so, the TIMED spacecraft executes a yaw maneuver which flips the dominant hemisphere covered by SABER. We focus on three wintertime periods when SABER measured up to near the pole: February, 2002 in the Northern Hemisphere (NH) (hereinafter Period 1), August, 2002 in the Southern Hemisphere (SH) (Period 2), and January and February, 2003 in the NH (Period 3). Period 2 is of particular interest because stratospheric warmings in the Austral winter are known to be weaker and less frequent than their NH counterparts and because the Antarctic ozone hole the following spring was unusually small [Hernandez, 2003] .
[8] In order to validate our results at MLT altitudes, we compare our data against the OH* temperatures described by Espy et al. [2003] . These are shown in Figure 1 together with SABER temperatures within ±5°of latitude and ±15°o f longitude of Rothera (68S). The SABER data are taken at the altitude of the peak 1.6 mm OH volume emission rate which is simultaneously retrieved along with the SABER temperatures. Figure 1 shows very good agreement in absolute magnitude and in variability between the ground based and satellite data. Since the temperature at lower altitudes has already been validated by Remsberg et al.
[2003], we conclude that SABER temperatures are of high quality at least up to 85 km. In practice, useful retrievals are thought to extend up to 105 km; we will analyze these data with the understanding that validation is currently ongoing.
Analysis of Temperature Profiles
[9] Stratospheric meteorology differed for the three periods we studied. The SSW which occurred in Period 1 was an enhanced wave 1 event and is discussed in greater depth by Remsberg et al. [2003] . Period 2 was also dominated by wave 1 and is discussed in depth below. Period 3 was characterized by enhanced wave 2 [McCormack et al., 2004] ; for Period 3, the SABER observations begin at the peak of the warming and continue for 6 weeks thereafter. Thus, a consideration of these three events together allow us to make some general conclusions about the response of the MLT when the stratosphere is disturbed by planetary waves.
[10] Figure 2 plots time series of zonal mean SABER temperatures at 80°S for several altitudes during Period 2. A clear warming event of about 25K is seen at 10 hPa starting at Day 233 (Aug 21, 2002) and lasting several days. This is matched by a mesospheric cooling event seen in the 0.1 hPa temperatures. Other smaller fluctuations in the 10 hPa temperatures are seen which coincide with fluctuations of opposite sign at 0.1 hPa. Interestingly, while some of the fluctuations at 0.01 hPa match those at 0.1 hPa, for days 232-235, little if any change in temperature is seen at 0.01 hPa. This suggests that for this SSW, the mesospheric cooling did not extend to 80 km.
[11] Also apparent in Figure 2 are long-term monotonic temperature changes. These are likely related to the seasonal change in the radiative forcing, i.e. the increasing sunlight throughout the late winter. To isolate the short-term dynamical response of the atmosphere, we subtracted a linear fit from the temperature time series. We then calculated the cross-correlation coefficient, r, between the residual zonal mean temperature time series at every altitude from 100 hPa Figure 3 . The black curve is for 10.0 hPa, the red curve is for 0.1 hPa, the green curve is for 0.01 hPa and the blue curve is for 10 À3 hPa.
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to 10 À4 hPa with that at 10 hPa. The results for Periods 1 -3 are shown in Figure 3 . Figure 3 shows that stratospheric temperatures between 2 -3 hPa and 50 -70 hPa are highly correlated with the 10 hPa temperature. Moving above the stratopause, the temperature residuals become highly anticorrelated. We identify this as the mesospheric cooling regime which anticorrelates with the stratospheric warming regime. Note that at 0.3 hPa, we are well within the mesospheric cooling regime; thus, labeling this pressure as ''stratospheric'' as was done by Cho et al. [2004] appears to be inappropriate. Near 0.01 hPa, the strong anticorrelation rapidly disappears. Indeed, near 0.002 hPa, which is the pressure associated with the peak of the OH* emission, the correlation coefficient is close to zero or slightly positive. This means that temperature measurements from OH* emissions will likely not vary in concert with the underlying mesosphere. Also, this cross-over altitude, between negative and near zero r occurs much lower than predicted by Liu and Roble [2002] . Their results suggested a negative correlation extending up to $110 km (see their Figure 3 ).
[12] At the highest altitudes the correlation coefficient becomes weakly positive. To assess the possible significance this value of r, we note that for 30-40 points, the 95% confidence interval is at r = 0.30 [Bevington, 1969] which is close to the values all three curves reach between p = 10 À3 and 10 À4 hPa. This may suggest a region of positive correlation between the lower thermosphere and the stratosphere, analogous to the secondary thermospheric warming predicted by Liu and Roble [2002] , albeit occurring at much lower altitudes than the 110-120 km they predicted.
[13] While the three zonal mean curves in Figure 3 show similar profile shapes, we recognize that ground-based OH* measurements are acquired for single locations and might be sampling regional temperatures that are not representative of the zonal mean. To address this possibility, a fourth curve in Figure 3 shows the cross-correlation for a 60°wide longitude and 10°wide latitude sector centered at 70W and 70S (the location of the Rothera OH* observations). This cross correlation profile is very similar to the three zonal mean residual curves. Our result is consistent with the analysis of Sigernes et al. [2003] , who compared stratospheric temperatures in a 5°Â 5°grid over Svalbard with OH* temperatures and found little anticorrelation over a 20 year period, (with one notable exception of the 1990-1991 winter).
[14] To get a better sense of the possible dynamics causing this upper mesospheric transition between negative and positive r, we present, in Figure 4 , the geopotential height perturbations computed from SABER temperatures at 70S on Day 235 in Period 2. For this calculation, we used United Kingdom Meteorological Office 12Z geopotential height fields at 100 hPa as a bottom boundary. We then computed and subtracted the zonal mean geopotential height for each pressure level to get the perturbation amplitude. Figure 4 shows a well-defined wave 1 signature which extends up through the mesosphere to just above 0.1 hPa. The right hand panel shows a fit of a wave 1 sine wave to the perturbation geopotential. Above 0.1 hPa, the wave 1 amplitude is sharply attenuated, although there is a suggestion of a reamplification at the highest altitudes (100 km). While we should more properly show data using a formal asynoptic mapping procedure [e.g., Remsberg et al., 2003] , we have looked at data from other latitudes and adjacent days (234 and 236) and found these features to be quite stable in amplitude and phase. Thus we argue that biases from tidal aliasing can be neglected. We conclude that the decay of the wave 1 pattern above 0.1 hPa and the small enhancement near 100 km are real. Note that the altitude of the OH measurements (indicated by the white ''R'', for Rothera in Figure 4 ) occurs near an amplitude minimum. We thus suggest that the amplitude of the wave 1 and the correlation with stratospheric temperatures are linked; when the wave amplitude is a minimum (as it is at OH* altitudes), little correlation with stratospheric temperatures is seen.
[15] The possible reintensification above p = 10 À3 hPa may be related to the weak positive correlation seen at high Figure 3 . Liu and Roble [2002] suggest that altered gravity wave transmission into the lower thermosphere could drive a warming response. Smith [1996] also discusses the possibility of secondary planetary wave generation by zonally asymmetric gravity wave breaking in the mesosphere. In light of these suggestions, we suggest that the reamplified wave 1 seen in Figure 4 and the apparent correlation of the temperatures above 10 À3 hPa with the 10 hPa temperature (i.e. thermospheric heating) may be related via vertical dynamical coupling.
Conclusion
[16] By cross-correlating SABER vertical temperature profiles with a reference point at 10 hPa, we can define a consistent behavior of the entire middle atmospheric temperature response. A stratospheric warming event will generally be vertically coherent from 50 -100 hPa to 1 hPa. From about 0.3 hPa to 0.01 hPa, we find a strong anticorrelation with the underlying stratosphere, reproducing the classic mesospheric cooling response to SSWs [Labitzke, 1981] . Above 0.01 hPa, there are indications of another reversal in the temperature response with a weaker positive correlation with stratospheric temperatures. The lack of a clear correlation between stratospheric temperatures and the temperatures for p < 0.01 hPa suggests that OH Meinel Band temperatures (p = 2 Â 10 À3 hPa) may not be representative of the underlying mesospheric temperature response during SSWs, possibly explaining the equivocal findings of previous studies that have looked for such correlations observationally.
[17] While the existence of a clearly defined mesospheric cooling layer agrees with the calculations of Liu and Roble [2002] , the observations clearly show that such a layer is much shallower in depth than the TIME-GCM predictions. Our observations do, however, agree with the general morphology shown by the hindcasting simulation for Period 2, described by Coy et al. [2005] . The possible weak positive correlations we suggest in the upper mesosphere may be consistent with the Liu and Roble [2002] suggestion of a net downwelling response to SSWs at high altitudes, possibly due to enhanced breaking of eastward traveling gravity waves. The increased wave 1 amplitude seen in the lower thermosphere by SABER on Day 235 of 2002 may also be consistent with TIME-GCM predictions of enhanced wave activity in the MLT. Certainly, the relative roles of gravity wave and planetary wave forcing in the MLT during these events need further elucidation.
